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ABSTRACT 18 
An integrated approach to detect new areas of potential interest associated with 19 
stratigraphic traps in mature basins is presented. The study was carried out in the Middle 20 
Magdalena Valley basin, in Colombia. The workflow integrates outcrop and subsurface 21 
interpretations of facies, activity of faults, distribution of depocenters and paleocurrents, 22 
and makes use of them to construct a 3D exploration scale geocellular facies model of the 23 
basin. The outcrop and well log sedimentological analysis distinguished facies 24 
associations of alluvial fan, overbank, floodplain and channel-fill, the last one constituting 25 
the reservoir rock. The seismic analysis showed that tectonic activity was coeval with the 26 
deposition of the productive units in the basin, and that the activity ended earlier (before 27 
the middle Miocene) along the western margin than along the eastern margin. 28 
Paleogeographic reconstructions depict transverse and longitudinal fluvial systems, 29 
alluvial fans adjacent to the active basin margins and floodplain facies dominating the 30 
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structural highs and the southwest depositional limit. These reconstructions provided 31 
statistical data (lateral variograms) to construct the model. The exploration scale facies 32 
model depicts the complete structure of the basin in three dimensions, and the gross 33 
distribution of the reservoir and seal rocks. The predictive capability of the model was 34 
evaluated positively and the model was employed to detect zones of high channel-fill 35 
facies probability that form bodies that are isolated or that terminate upwards in pinch-36 
outs or truncated by a fault. Our approach can prove helpful in improving general 37 
exploration workflows in similar settings. 38 
INTRODUCTION 39 
The search for yet-to-be-discovered hydrocarbons in mature provinces involves 40 
investigating subtle traps, i.e. stratigraphic traps (Carll, 1880; Levorsen, 1936), which 41 
generally render reservoirs elusive. In stratigraphic traps, the mechanism for retaining 42 
hydrocarbons is due to changes in rock type related to the stratigraphy. Stratigraphic traps 43 
have been classified (Rittenhouse, 1972; Biddle and Wielchowsky, 1994; Gordon, 1997) 44 
as: a) primary or depositional traps associated with facies changes or depositional 45 
pinchouts, and those created by buried depositional relief (e.g. carbonate reefs); b) 46 
secondary traps produced by post-depositional alteration of strata, e.g. due to diagenetic 47 
processes or to the presence of asphalt or gas hydrates; and c) associated with 48 
unconformity surfaces. Stratigraphic traps can also involve a structural component (i.e. 49 
combination trap; Levorsen, 1967), which facilitates detection. Structural trap 50 
components are linked to geometries of deformation that affect the sedimentary sequence 51 
such as faults and folds, permitting the retention of hydrocarbons.  52 
Understanding the characteristics of the depositional environment and the structural 53 
setting of prospects under exploration proves helpful in detecting the presence of 54 
stratigraphic traps (Caldwell et al., 1997). In fluvial systems, depositional stratigraphic 55 
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traps involve porous and permeable deposits normally represented by sandstone-56 
dominated channel-fill and levee facies embedded in fine-grained impermeable 57 
floodplain deposits (Biju-Duval, 2002; Slatt, 2006). The distribution of channel-fill 58 
deposits, and hence the potential existence and formation of stratigraphic traps are 59 
controlled by the interaction of a number of factors such as the fluvial style, grain size, 60 
avulsion of channels, sedimentary rate, tectonics, base-level changes, climate and type of 61 
basin. These factors determine the global evolution of the basin and its sedimentary infill, 62 
controlling the establishment and modification of the fluvial style, the distribution of 63 
depositional subenvironments, the paleoflow trends and the development of erosional 64 
unconformities.  65 
New discoveries in mature basins and the inherent difficulty of determining stratigraphic 66 
traps call for new exploratory ideas and techniques, and revision of existing concepts and 67 
interpretations. The investigation of stratigraphic traps has historically been addressed by 68 
sequence or seismic stratigraphy (Catuneanu, 2006; Strohmenger et al., 2006; Veeken, 69 
2007). Other studies have already embarked upon the search for stratigraphic traps on the 70 
basis of integrating non-seismic, geological data such as basin analysis information and 71 
reservoir architecture (Atkinson et al., 2006). Currently, the detection of stratigraphic 72 
traps makes use of direct fluid indicators in seismic data such as bright spots. Seismic 73 
inversion and seismic attributes are employed to interpret rock/pore fluid properties and 74 
stratigraphic and sedimentological models (Caldwell et al., 1997; Chopra and Marfurt, 75 
2005; Torrado et al., 2014). Stratigraphic or process-based modeling has proved useful in 76 
predicting the distribution of reservoir and seal rocks in basins (Falivene et al., 2014). 77 
This technique models accommodation, supply, and transport to simulate the filling of 78 
sedimentary basins (Granjeon, 2010), producing comprehensive pictures of basins that 79 
incorporate both structure and facies distribution (Granjeon, 1996; Koltermann and 80 
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Gorelick, 1996; Granjeon and Joseph, 1999; Granjeon, 2009, 2014; Gratacós et al., 2009; 81 
Carmona et al., 2016). Basin-scale petroleum systems models are applied in mature basins 82 
to consider migration pathways, new potential source rocks and entrapment mechanisms 83 
(Neumaier et al., 2014; Sánchez et al., 2015). Most of these techniques, however, present 84 
some limitations. In mature basins with a long productive history, seismic datasets may 85 
suffer from limited quality, low resolution or insufficient cover. This could result in the 86 
failure to detect subtle traps. Despite the advantages of stratigraphic modeling, this 87 
technique proves difficult when modeling sedimentary processes in nonmarine 88 
sedimentary basins. Moreover, the low resolution of stratigraphic and sedimentological 89 
features of basin-scale petroleum systems models render them unsuitable for detecting 90 
stratigraphic traps.  91 
Our study, therefore, seeks to present a methodology that facilitates the detection of 92 
stratigraphic and combined structural-stratigraphic traps, enabling us to redirect new 93 
exploratory activities in mature basins. Our approach is based on the construction of a 3D 94 
exploration scale model that reproduces the main structures and the overall distribution 95 
of reservoir and seal rocks in a whole basin, integrating geological data from different 96 
sources (outcrop, seismic and wells). Part of the method is based on stochastic modeling 97 
techniques widely used at the hydrocarbon production scale. Although this can be 98 
regarded as a complement to other techniques, it is of interest because it offers an overall 99 
view of the whole basin. 100 
The mature Middle Magdalena Valley basin, in Colombia, was selected to implement this 101 
approach. This basin has been one of the most prolific hydrocarbon provinces of the 102 
Andean Range. To date, most fields that have been discovered are located in Paleocene – 103 
middle Miocene nonmarine sandstone reservoirs, and the majority of them are related to 104 
structural traps. After decades of exploitation, most of these fields are today regarded as 105 
5 
 
mature or maturing, and the main structural traps in the basin are plays already proved. 106 
In such a scenario, new finds are expected to be related to new plays associated with 107 
stratigraphic or combined structural-stratigraphic traps (Allen et al., 2006).  108 
GEOLOGICAL SETTING 109 
Regional geological framework  110 
In Colombia, the Northern Andes are divided into three main NNE-trending ranges, the 111 
Western, the Central and the Eastern Cordilleras, which are separated by alternating 112 
sedimentary basins, the Magdalena Valley and the Llanos Basins (Figure 1). The Western 113 
Cordillera is considered an allochthonous oceanic terrane, predominantly Upper 114 
Cretaceous in age, accreted to the South America margin in Latest Cretaceous – earliest 115 
Paleocene times (McCourt et al., 1984; Aspden and McCourt, 1986; Aspden et al.; 1987; 116 
Cediel et al., 2003). The Central Cordillera corresponds to the Andean volcanic arc that 117 
resulted from the subduction of the oceanic Nazca Plate beneath the South America Plate. 118 
It is largely composed of low to medium-pressure metamorphic rocks intruded by 119 
Mesozoic and Cenozoic calc-alkaline plutons (Aspden and McCourt, 1986; Aspden et al., 120 
1987; Gómez et al., 2005b). Jurassic and Cretaceous pyroclastic rocks have also been 121 
reported. The Central Cordillera forms an uplifted crustal-scale structure developed in a 122 
transpressive regime related to the oblique convergence and Western Cordillera accretion 123 
(McCourt et al., 1984; Schamel, 1991).  124 
The Magdalena Valley Basin is a narrow, approximately north-south elongated 125 
intermontane hinterland basin that evolved in connection with the eastward advance of 126 
the Andean orogen (Gómez et al., 2005b; Horton et al., 2015; Reyes-Harker et al., 2015). 127 
Classically, it has been divided, from south to north, into the Upper, Middle and Lower 128 
Magdalena Valley Basins. Its western boundary corresponds to the Central Cordillera, 129 
where it is bounded by the Eastern Cordillera to the east. The basin contains a thick and 130 
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relatively continuous sedimentary infill recording the tectonic evolution of the 131 
neighboring ranges.  132 
The Eastern Cordillera is constituted by a continental basement made up of granulite-133 
grade metamorphic rocks of Proterozoic to Paleozoic age. These are overlain by 134 
sedimentary to low-grade metasedimentary Paleozoic to Mesozoic rocks that are intruded 135 
by Mesozoic and Cenozoic calc-alkaline plutons (Dengo and Covey, 1993; Gómez et al., 136 
2005b; Chew et al., 2007; Nie et al., 2010; Moreno et al., 2011). South of 7º N, the Eastern 137 
Cordillera constitutes a fold-and-thrust belt displaying opposite westward and eastward 138 
vergences that overthrusts the Magdalena Valley Basin to the west and the Llanos Basin 139 
to the east. North of 7º N, the Eastern Cordillera is divided into a north-western branch, 140 
the Santander Massif, and north-eastern branch, the Mérida Andes (Figure 1). 141 
The Llanos Basin is a large retroarc foreland basin located eastwards of the Eastern 142 
Cordillera. Its sedimentary infill records Upper Cretaceous to Cenozoic deposition in 143 
shallow marine, transitional and continental environments, showing an increasingly 144 
nonmarine tendency towards the east. The sediment provenance for the eastern Llanos 145 
Basin was from the east, from the Guyana Shield, which constitutes the Precambrian 146 
continental basement of the northern Amazonian Craton (Cordani et al., 2000). 147 
Westwards, its sedimentary infill also contains upper Eocene – lower Miocene alluvial 148 
deposits from the Eastern Cordillera (Reyes-Harker et al., 2015).  149 
Basin development and evolution 150 
The present-day locations of the Magdalena Valley Basin, Eastern Cordillera and part of 151 
the Llanos Basin corresponded in the Triassic to Early Cretaceous to a rift system, which 152 
was probably attributed to the separation of North and South America (Jaillard et al., 153 
1990; Cooper et al., 1995; Sarmiento, 2001; Spikings et al., 2015). It gave rise to local 154 
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accumulations of up to 3000 m (9843 ft) of a syn-rift sequence that currently crops out in 155 
the Eastern Cordillera (Hebrard, 1985; Fabre, 1987). This sequence is made up of Triassic 156 
and Jurassic red-beds and volcaniclastic strata accumulated into subbasins fed from local 157 
igneous source areas (Horton et al., 2015). This sequence evolved upwards into shallow 158 
marine deposits in the Early Cretaceous.  159 
Later, the area developed into a convergent margin, with oceanic subduction and 160 
formation of a volcanic arc (Central Cordillera), which promoted the subsequent accretion 161 
of oceanic terranes (Western Cordillera) to the Central Cordillera. In this convergent 162 
environment, deformation and shortening in Upper Cretaceous to lower Paleocene times 163 
led to the formation of a large foreland basin that included the present-day Magdalena 164 
Valley Basin, Eastern Cordillera and Llanos Basin areas (Van der Hammen, 1961; 165 
McCourt et al., 1984; Gómez et al., 2003, 2005a, 2005b). The earliest deposits in this 166 
basin were marine, but the Paleocene Lisama Fm. (Figure 2) provides evidence of the 167 
transition from marine to nonmarine deposits (Cooper et al., 1995; Gómez et al., 2005b; 168 
Moreno et al., 2011). This paleoenvironmental transition correlates with a shift in the 169 
sediment transport direction from northwards to eastwards (Moreno et al., 2011), and with 170 
changes in detrital zircon geochronology from Proterozoic-dominated ages, indicating 171 
Amazonian craton provenance, to Phanerozoic-dominated ages with an Andean orogene 172 
provenance (Nie et al., 2010; Moreno et al., 2011; Horton et al., 2012; Horton et al., 2015). 173 
Further evidence of western provenance includes granitic and volcanic pebbles of the 174 
lower Maastrichtian conglomerates in the Magdalena Valley Basin derived from the 175 
Central Cordillera (Cooper et al., 1995). These variations in paleocurrents, provenance, 176 
and thermochronology of detrital zircons data have been interpreted as the onset of the 177 
uplift and exhumation of the Central Cordillera in Latest Cretaceous – Paleocene times 178 
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(Gómez et al., 2003; Villagómez and Spikings, 2013; Horton et al., 2015), and as the 179 
formation of the afore-mentioned middle Paleocene foreland system.  180 
The tectonic deformation propagated in a north-northeastward direction due to the 181 
oblique direction of convergence (Gómez et al., 2003, 2005a, 2005b; Parra et al., 2009; 182 
Horton et al., 2015), triggering an east–west directed compression. This resulted in the 183 
tectonic inversion of the former extensional faults attributed to the Mesozoic rift that led 184 
to the onset of the Eastern Cordillera (Barrero, 1979; Cooper et al., 1995; Sarmiento, 185 
2001; Moreno et al., 2011; Reyes-Harker et al., 2015). The uplift of the Eastern Cordillera 186 
divided the Cretaceous – Paleogene foreland basin, resulting in the generation of the 187 
intermontane hinterland Magdalena Valley Basin on the western flank and the retroarc 188 
foreland Llanos Basin on the eastern flank (Gómez et al., 2005b; Mora et al., 2006).  189 
There is no consensus on the date of onset of the Eastern Cordillera. Gómez et al. (2005b) 190 
documented the Late Cretaceous – early Eocene uplift of the Central Cordillera and the 191 
subsequent transfer of deformation to the Eastern Cordillera. These authors also found 192 
growth strata (middle Eocene – Oligocene) to be older in the south than in the north (upper 193 
Oligocene – early middle Miocene). Nie et al. (2010) pointed out a shift in detrital zircon 194 
U-Pb ages in samples from the Middle Magdalena Valley basin that occurred between 195 
middle – late Eocene and late Oligocene, and that has been attributed to the exhumation 196 
of the Eastern Cordillera. Moreno et al. (2011) reported an inversion of the paleocurrent 197 
trend from eastwards to westwards in the Nuevo Mundo Syncline outcrops in the latest 198 
Eocene (i.e. time of deposition of the Esmeraldas Fm., Figure 2). This change in the 199 
paleoflow direction, which persisted during the Neogene, is consistent with: a) a change 200 
in the distality of the facies, which can be interpreted as the result of the Eastern Cordillera 201 
uplift; and with b) the subsequent change of the Magdalena Valley Basin from a foreland 202 
to a hinterland basin.  203 
9 
 
Parra et al. (2012), using seismic interpretations and thermochronometric data, dated 204 
shortening and deformation in some components of the present hinterland of the Eastern 205 
Cordillera in the late Paleocene – earliest Eocene. Horton et al. (2015), also based on 206 
detrital zircon U-Pb geochronology, concluded that the incipient uplift of the Eastern 207 
Cordillera took place in the latest Eocene – earliest Oligocene, which is in agreement with 208 
the multidisciplinary study by Reyes-Harker et al. (2015). Despite the disagreement on 209 
the date of onset of the Eastern Cordillera exhumation, it is widely accepted that its major 210 
uplift is probably associated with a younger middle Miocene – Pliocene deformation 211 
phase (Dengo and Covey, 1993; Mora et al., 2010; Sánchez et al., 2012).  212 
Stratigraphy and sedimentary infill of the Middle Magdalena Valley 213 
basin  214 
The sedimentary infill of the Middle Magdalena Valley basin (MMVB henceforth) forms 215 
a 2 – 10 km (1 – 6 miles) thick Mesozoic and Cenozoic marine and nonmarine succession 216 
deposited over a Proterozoic to lower Paleozoic basement (Cediel et al., 2003). Above 217 
the scant Jurassic syn-rift deposits, the Mesozoic sequence mainly includes sandstones, 218 
limestones and mudstones that record a generalized marine transgression. This period was 219 
followed by a marine retreat and deposition of nonmarine strata during Cenozoic times. 220 
The regional Middle Magdalena Valley Unconformity (named herein as U0) records a 221 
significant period of upper Paleocene – lower Eocene erosion (Schamel, 1991; Rolon, 222 
2004; Gómez et al., 2003, 2005b; Horton, 2012) whose stratigraphic gap decreases 223 
towards the east. The regional unconformity divides the MMVB infill into two sequences 224 
(Figure 2). The lower sequence is made up of deformed and eroded Paleocene and older 225 
rocks. Its thickness increases towards the east, attaining 2500 m (8202 ft) at the border 226 
with the Eastern Cordillera. The overlying sequence corresponds to relatively non-227 
deformed units, middle Eocene to Neogene in age, which onlap the unconformity. The 228 
preserved thickness of this sequence also increases towards the east, from 0 m at the 229 
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boundary with the Central Cordillera in the south to 5000 m (16,404 ft) in the Eastern 230 
Cordillera foothills.  231 
The MMVB stratigraphic subdivision in this work (Figure 2) considers the most accepted 232 
lithostratigraphic subdivision used (Morales et al., 1958; Schamel, 1991; Gómez et al., 233 
2005b; Caballero, 2010; Caballero et al., 2010). It includes, from older to younger, the 234 
Umir, Lisama, La Paz, Esmeraldas, Mugrosa and Colorado formations, the Real Group 235 
and the Mesa Formation. Additional minor unconformities probably triggered by tectonic 236 
deformation attributed to the evolution of the Central and Eastern Cordilleras have been 237 
reported by Gómez et al. (2003, 2005b), Restrepo-Pace et al. (2004) and Parra et al. 238 
(2012). Given these unconformities, Suárez (1996) proposed a tectono-stratigraphic 239 
subdivision of the Eocene – Miocene succession of the MMVB. This author defined six 240 
tectono-stratigraphic sequences (TS1 to TS6 in figure 2) that prove useful for the 241 
subsurface stratigraphic subdivision. The three lowermost tectonosequences, TS1, TS2 242 
and TS3, consisting of La Paz, Esmeraldas, Mugrosa and Colorado formations, constitute 243 
the subject of the present study. The formations were deposited in a fluvio-alluvial 244 
depositional environment. The fluvial sequences are the most extensive deposits and are 245 
made up of coarse detrital sediments forming channel belts interstratified within fine-246 
grained floodplain and overbank detrital sediments (Gómez et al, 2003, 2005a, 2005b; 247 
Caballero, 2010; Caballero et al., 2010; Moreno et al, 2011; Caballero et al., 2013). 248 
Locally, thin floodplain lacustrine sequences have also been reported. The La Paz Fm. 249 
was mainly deposited by a braided fluvial system, the Esmeraldas and Mugrosa Fms. by 250 
meandering streams, and the Colorado Fm. by a mix of meandering and braided fluvial 251 
systems.  252 
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Middle Magdalena Petroleum Geology 253 
Two petroleum systems have been recognized in the subsurface of the MMVB (Barrero 254 
et al., 2007). In the larger and the more prolific system, Paleogene fluvial sandstones and 255 
the interstratified mudstones constitute, respectively, the main reservoir and seal. In the 256 
secondary target, the fractured limestones of the Barremian-Aptian “Basal limestone 257 
Group” are the reservoir (Morales et al., 1958).  258 
In both petroleum systems, the Cenomanian-Santonian marine shales, marls and 259 
limestones of the La Luna Fm. are considered to be the main source rock, because of its 260 
relatively high TOC values, moderate maturity and adequate burial (Cooper et al., 1995; 261 
Spickert, 2014; Veiga and Dzelalija, 2014). This formation contains kerogen type IIs, an 262 
oil-prone kerogen similar to type II, but with a high sulfur content (Ramon et al., 1997; 263 
Sarmiento, 2011). The TOC content in shales ranges between 0.67 and 6.72%, vitrinite 264 
reflectance averages about 0.6%, hydrogen indexes are 302 mgHC/gTOC, and 265 
hydrocarbon generated by thermal cracking of kerogen (S2 index) range between 5.0 and 266 
27.0 mgHC/g rock. In line with Veiga and Dzelalija (2014), a conservative estimate of 267 
the total area where the La Luna Fm. has reached maturity in the MMVB is 1400 km2 268 
(540.5 mi2). This formation underwent limited generation of hydrocarbons in the Late 269 
Cretaceous according to the 1-D model of Spickert (2014). This model is based on data 270 
from the Ecopetrol 1613 Infantas well that is located in the La Cira-Infantas paleohigh, 271 
approximately 25 km (15.5 mi) to the north of the La Luna Fm. depocenter. The most 272 
significant phase of hydrocarbon generation commenced during the Early Cenozoic as a 273 
result of the increased heat flow during the uplift of the Central Cordillera.  274 
The middle Eocene to middle Miocene La Paz, Esmeraldas, Mugrosa and Colorado 275 
formations (Figure 2) have hosted the largest and most productive oil fields in the 276 
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MMVB, most of them with a long production history. The most frequent trapping 277 
mechanisms consists of monoclinal dipping and/or folded series affected by faults.  278 
DATASET AND METHODS  279 
Our study presents a multidisciplinary workflow (Figure 3) that integrates data from both 280 
outcrop (sedimentological outcrop descriptions and logs, paleocurrent data, geological 281 
maps) and the subsurface (well cores and geophysical logs, seismic 2D lines). The 282 
workflow consists of: a) a sedimentological and paleogeographic study of the productive 283 
units; and b) a 3D reconstruction of the structure of the basin and a subsequent 284 
geostatistical modeling of its sedimentary infill.  285 
Outcrop data acquisition and analysis 286 
Three field studies were carried out in the eastward outcropping area of the Nuevo Mundo 287 
Syncline (Figure 4). The fieldwork included the logging of eight sedimentological 288 
sections at scales 1:50 and 1:100, with a total measured thickness of more than 435 m 289 
(1427 ft). Paleocurrent measurements were taken and detailed descriptions and sketches 290 
from outcrops were obtained. This information was used to determine the geometry and 291 
dimensions of sedimentary bodies, and to provide a preliminary estimate of facies 292 
proportions. Moreover, individual lithofacies were defined in accordance with their 293 
lithology, sedimentary structures, bioturbation index and early diagenetic characteristics. 294 
Subsequently, the lithofacies were grouped into assemblages. Finally, depositional 295 
models for each stratigraphic unit under study were proposed. These models were also 296 
based on the analysis of the well data (Figure 3). 297 
Well data analysis 298 
The well data included logs from a selection of 94 wells distributed throughout the basin 299 
(Figure 4). The wells traverse most of the stratigraphic interval under study and the logs 300 
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exhibit sufficient quality to interpret facies associations. The log responses available for 301 
the selected wells included gamma ray, resistivity and spontaneous potential. For sixteen 302 
wells of the well dataset, continuous core or core descriptions were also available. These 303 
log records were interpreted to establish facies assemblages equivalent to those 304 
distinguished in the outcrops. Using the gamma ray log, the volume of clay (Vcl) was 305 
estimated in accordance with equation 1.  306 
Vcl (x) = [(GR (x) – GR (s)) / (GR (cl) – GR (s))] x 100    (1) 307 
where the GR (x) refers to the gamma ray value at the observed position in the well for 308 
which the volume of clay was calculated (i.e. Vcl (x)). GR (s) corresponds to the gamma 309 
ray value equivalent to sandstones that are devoid of clayish matrix, and GR (cl) indicates 310 
the gamma ray value measured for clay. 311 
When the GR log was unavailable or when it failed to calculate the volume of clay, the 312 
spontaneous potential log (SP) was used in an expression equivalent to equation (1). Some 313 
characteristic curve morphologies with a specific range of Vcl values, thicknesses and a 314 
repetitive vertical stacking were identified in the Vcl log for those wells that had cores 315 
available. These patterns are interpreted as corresponding to one of the facies 316 
associations. Moreover, this analysis was corroborated by the deep resistivity curve. The 317 
interpretation of the electric curves was compared with the sedimentological 318 
interpretation obtained from the cores. When these two interpretations did not concur, the 319 
one from the electric logs was revised. This process led to the adoption of a set of patterns 320 
that were extrapolated to the remaining wells without available cores. This was 321 
undertaken to obtain a facies association log for the complete set of wells. A final quality 322 
control of the results was performed in all the wells. The well log obtained provided an 323 
insight into the distribution of the main facies associations throughout the basin. Eight 324 
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wells of the total well dataset were reserved to calibrate and validate the 3D geostatistical 325 
facies model (Figure 4).  326 
The position in the wells of the unconformities that bound the stratigraphic units (U0, U1, 327 
U2 and U3; Figure 2) was transferred from the seismic interpretation using synthetic 328 
seismograms and a check-shot survey. Moreover, a palynologic analysis allowed us to 329 
corroborate these positions and to interpret the boundary between the La Paz and 330 
Esmeraldas formations that was not traced in the seismic lines. The biostratigraphic 331 
analysis was performed on 67 wells, using data collected during the last 15 years by 332 
Ecopetrol. The biostratigraphic setting used has been published by Reyes-Harker et al. 333 
(2015). The La Paz Fm. was associated with the Striatpollis catatumbus biozone and the 334 
Esmeraldas Fm. with the Racemonocolpites facilis – Rhoipite guianensis “perbonus” 335 
biozones. The biozones Rhoipites guianensis – Magnastriatites grandiosus are attributed 336 
to the Mugrosa Fm., whereas Echitricolporites maristellae – Retitricolpites simplex 337 
biozones to the Colorado Formation. 338 
Seismic analysis 339 
The seismic data include a total of 3500 km (2175 mi) of 2D lines that come from surveys 340 
obtained from different acquisition campaigns (Figure 4). The major faults and the 341 
unconformities U0, U1, U2 and U3 were interpreted in the seismic profiles. The 342 
unconformities were identified on the basis of truncation relationships and onlap and 343 
downlap terminations of the reflectors. The seismic interpretation was analyzed to infer 344 
an overall fault activity timing in the basin. This was based on cross-cutting and 345 
overlapping relationships between the stratigraphic horizons and the faults, and on the 346 
presence of growth strata.  347 
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3D modeling  348 
The 3D exploration scale facies model was built to reproduce the occurrence of the main 349 
facies belts in the MMVB. The 3D modeling follows a conventional workflow used in 350 
reservoir modeling that includes: a) the construction of the stratigraphic and structural 351 
model; b) the construction of a 3D grid; and c) the assignment of a facies category to each 352 
grid cell by using geostatistical methods (Figure 3). A conceptual depositional model for 353 
each stratigraphic unit represented by paleogeographic reconstructions was used to define 354 
and guide the facies modeling strategy.  355 
Construction of the 3D stratigraphic and structural framework  356 
The stratigraphic framework of the 3D model comprises the major faults interpreted in 357 
the seismic lines, the U0, U1, U2 and U3 unconformities, the limit between the La Paz 358 
and Esmeraldas formations and the topographic surface. The interpolation of the traces 359 
interpreted in the seismic lines provided a 3D reconstruction of the surfaces in the time 360 
domain. The boundary between the La Paz and Esmeraldas formations was modeled by 361 
means of the interpolation of the positions recorded in the wells and guided by the 362 
geometry and terminations of the seismic reflectors within the tectonosequence 1. The 363 
reconstructed surfaces were converted to depth domain by using a set of linear and 364 
quadratic velocity functions derived from a check-shot survey. The final converted 365 
surfaces resulted from the average of the linear and the quadratic conversions. The 366 
topography was reconstructed using a digital terrain model with 90 m (295 ft) of 367 
resolution, supplied by NASA (i.e. NASA Shuttle Radar Topographic Mission, SRTM), 368 
which was draped with a geological map of the region. The horizons and the faults were 369 
adjusted to their positions in the wells, and to the corresponding outcropping traces. The 370 
3D reconstruction of the structural framework allowed us to obtain true vertical thickness 371 
maps of each stratigraphic unit (Figure 3).   372 
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Construction of the 3D exploration scale facies model  373 
The grid cells of the model were designed as regular cells of 250 m by 250 m (820 ft by 374 
820 ft) in a horizontal plane. They were oriented following a north-northeast – south-375 
southwest direction, which corresponds to the mean orientation of the structures. The grid 376 
layering must mimic the reflector geometries and terminations. However, within the 377 
modeling area a wide variety of configurations were recognized (i.e. onlap, truncations, 378 
growth strata, conformable strata, etc.), which complicates an accurate reproduction of 379 
each bedding feature. It was, therefore, decided to vertically subdivide the 3D volume by 380 
selecting a proportional layering for each unit (i.e. layers parallel to the base and to the 381 
top of the bounding horizons). The number of layers was established in such a way that 382 
the mean cell thickness was 3 m (10 ft). This vertical subdivision ensures sufficient 383 
resolution to adequately represent the facies associations. This resulted in a final 3D grid 384 
with 100 million cells.  385 
The well logs with the interpretation of the facies associations were upscaled to the 3D 386 
grid, and each grid cell that was intersected by the well trajectory was assigned the 387 
dominant facies association. These rescaled logs were used to elaborate facies proportion 388 
maps (Figure 3). The remaining modeling cells of the MMVB model were populated by 389 
applying two pixel-based algorithms and by adopting a hierarchical approach (Figure 3). 390 
First, the transition from alluvial fan to fluvial deposits was modeled using a stochastic 391 
algorithm. This algorithm is based on the truncation of the sum of a deterministic linear 392 
expectation trend and a Gaussian random field (MacDonald and Aasen, 1994; Falivene 393 
et al., 2009). The trend is used to reproduce the progradational or retrogradational 394 
stacking pattern and defines the mean boundary between the sedimentary bodies. The 395 
Gaussian field reproduces the serrated geometry of the gradual facies transition. It is 396 
controlled by variograms and ensures conditioning to hard data. In the present case study, 397 
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the geometry and positioning of the trend was fixed in accordance with the well data and 398 
paleogeographic reconstructions. The parameters governing the Gaussian field were 399 
determined by a trial-and-error approach until a reasonable result was obtained.  400 
Second, the fluvial deposits were modeled using the Sequential Indicator Simulation 401 
(SIS). This algorithm is used to model the distribution of categorical variables that are 402 
expressed as a series of indicator variables, one for every category (Journel and Alabert, 403 
1989; Gómez-Hernández and Srivastava, 1990; Deutsch and Journel, 1998). The values 404 
of the indicator variables represent the probability of a certain category occurring at a 405 
particular location (Deutsch, 2006). In the upscaled cells, probabilities are maximum (i.e. 406 
1) or minimum (i.e. 0), whereas for the remaining unsampled locations the algorithm 407 
estimates the related probabilities using global proportions, variography, and hard data 408 
amongst other parameters. Because well spacing did not provide appropriate lateral 409 
experimental variograms, they were derived from paleogeographic maps. These maps 410 
were transformed into indicator maps and the horizontal variograms along the directions 411 
of maximum and minimum horizontal anisotropy were obtained (Table 1). The 412 
paleogeographic reconstruction of the La Paz Fm. shows a predominance of one facies 413 
association with the result that no variograms could be extracted from it. The variograms 414 
were, therefore, estimated from the facies proportion maps following the same approach. 415 
The vertical variograms were obtained from the upscaled facies association logs. The 416 
upscaled wells also provided the global facies assemblage proportions and the vertical 417 
trends that were used to constrain the modeling (Table 1 and Figure 3).  418 
Twenty realizations of the MMVB facies association model were generated. The multiple 419 
realizations were produced to average stochastic fluctuations and to obtain representative 420 
statistics (Goovaerts, 2006). Finally, a 3D property that represents the most probable 421 
location of the reservoir facies category in the 20 realizations was obtained. To compute 422 
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this response, each realization was transformed into a probability parameter in which the 423 
cells representing reservoir facies category were assigned a probability of 100%, and 424 
those representing other facies were assigned a null probability (i.e. 0%). The final 3D 425 
property representing the probability of reservoir facies occurrence in the 20 realizations 426 
was computed by averaging the 20 parameters obtained. 427 
Evaluation of the 3D exploration scale facies model 428 
The 3D exploration scale facies model of the MMVB was used to investigate areas 429 
associated with new stratigraphic and structural-stratigraphic traps (Figure 3). Moreover, 430 
the model was subjected to an evaluation process to validate its capacity of prediction and 431 
consistency. The model was evaluated in two ways. First, its accuracy or capacity of 432 
predicting the rock type distribution in the subsurface was estimated by a well-calibration 433 
process. Second, the ability of the model to honor the original statistics was assessed by 434 
comparing the facies proportions with the original well dataset. The well-calibration 435 
process used the eight wells reserved in the modeling process (i.e. calibration wells in 436 
Dataset and Methods section; Figure 4). The calibration process consisted in calculating 437 
the percentage of agreement between the calibration wells and the 3D channel-fill 438 
probability parameter (i.e. average of the 20 realizations of the facies model). To this end, 439 
the probability parameter was transformed into an indicator parameter by assigning value 440 
1 to those cells with probabilities equal to or higher than 50%, and value 0 to the 441 
remaining cells. Subsequently, the indicator parameter was transferred to the calibration 442 
wells and a new log was generated and compared with the original facies log. 443 
RESULTS  444 
Facies analysis  445 
Eighteen individual lithofacies were defined in the outcrops and were divided into four 446 
main groups on the basis of their dominant lithology: gravely (G), sandy (S), sandy silty 447 
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(SM) and silty (M) lithofacies. Table 2 contains a description and interpretation of these 448 
lithofacies. The lithofacies were grouped into four assemblages or facies associations 449 
referred to as A (alluvial fan deposits), C (channel-fill deposits), O (overbank deposits), 450 
and F (floodplain deposits).  451 
Facies association A (alluvial fan deposits) 452 
Facies association A is primarily characterized in outcrop by lithofacies SMm, SMmd 453 
and SMmr, with facies Sm, Smb, Sr and St as subordinate elements (Table 2). Generally, 454 
the lithofacies are not vertically arranged, but form thick monotonous successions of fine-455 
grained sediment with floating granules and pebbles and superposed diagenetic and 456 
biological features (Figure 5a and 6a-c). The subordinate sandy lithofacies, however, 457 
form isolated fining- and thinning-upwards sequences that are 1 to 1.5 m (3.3 to 4.9 ft) 458 
thick (Figure 6e). In outcrop, facies association A was only identified in the Mugrosa Fm., 459 
where it is dominant (Figure 7).  460 
In the well logs, a distinctive Vcl pattern of facies association A was not identified. Of 461 
the available cores, only those close to the NW sector showed this facies association. It is 462 
made up of massive, matrix-supported breccias with poorly-sorted angular clasts, and 463 
forms unsaturated oil intervals (Figure 5b). Facies association A was identified in the 464 
cores of the La Paz and Esmeraldas formations, and represents 7.8% and 1.8%, 465 
respectively, of the global facies proportions in the wells (Table 1).  466 
The dominant matrix-supported sandstones (facies SM) are interpreted to have resulted 467 
from deposition by unconfined mud flows in a middle to distal part of an alluvial fan 468 
(Figure 6k) where the sandy fining- and thinning-upwards sequences represent deposits 469 
associated with the distributary stream channels. In areas of the alluvial fan that 470 
underwent long periods of non-sedimentation, vegetation proliferated, modifying the 471 
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former deposits by soil-forming processes. The matrix-supported breccias recognized in 472 
the subsurface are interpreted as massive, unconfined debris flows attributed to a proximal 473 
alluvial fan environment (Figure 6k).  474 
Facies association C (channel-fill deposits) 475 
In outcrop, facies association C comprises lithofacies Gm, Sm, Sp, Sh, Sr and St with 476 
facies Gp, Sm, Smb and Sh as subordinate elements (Table 2). These lithofacies are 477 
arranged in fining- and thinning-upwards sequences, which are usually 1 to 2 m (3.3 to 478 
6.6 ft) thick and have slightly erosive basal surfaces (Figures 6d and 6e). Generally, they 479 
appear vertically stacked (Figure 5c), forming packages that reach up to 119 m (390.4 ft) 480 
in thickness in the La Paz Fm., and 27 m (88.6 ft), 10 m (32.8 ft) and 11 m (36 ft) in the 481 
Esmeraldas, Mugrosa and Colorado formations, respectively. Facies association C is 482 
largely composed of clean unbioturbated sandstones with good reservoir properties. It is 483 
present in a proportion that ranges from 100% in the outcrops of the La Paz Fm. to 21% 484 
in the outcrops of the Mugrosa Fm. (Figure 7).  485 
In the well logs, the corresponding Vcl curve exhibits a blocky-like expression, forming 486 
vertical sequences with minimum thicknesses of 3 m (10 ft). Vcl values are equal to or 487 
below 40%, and show an upwards increasing trend. In core, facies association C is made 488 
up of fining-upwards sandstone-dominated intervals with a grain size ranging from very 489 
coarse to very fine, and which contains subordinate subrounded to subangular clast-490 
supported conglomerates (Figures 5d and e). The sandstones commonly display large and 491 
small-scale cross lamination. Internal erosional surfaces are identified either by an abrupt 492 
increase in grain size or by the presence of mud-clast horizons. In core, this facies 493 
association is saturated with oil. Facies association C represents 55.5%, 38.5%, 36.8% 494 
and 35.9% of the global proportions in the wells (Table 1) for the La Paz, Esmeraldas, 495 
Mugrosa and Colorado formations, respectively.  496 
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Facies association C is interpreted as the result of the migration of different types of large 497 
and small-scale bed forms in fluvial channels. The erosional surfaces are associated with 498 
channel reactivation events. There exists some uncertainty in the interpretation of the 499 
fluvial style. Facies association C can be attributed to bars and sand waves in a braided 500 
system or to the result of the migration of point bars in a meandering fluvial system 501 
(Figures 6l and 6m). Lateral accretion surfaces identified in outcrops belonging to the 502 
Esmeraldas and Colorado formations are interpreted as lateral migration of channels in 503 
meandering fluvial systems (Figure 5c). However, because of the restricted lateral extent 504 
of most of the outcrops, it was not always possible to find diagnostic criteria to confirm 505 
the fluvial style. 506 
Facies association O (overbank deposits) 507 
In outcrop, facies association O is constituted by lithofacies Sm, Sr, S/M, Ml and MSl, 508 
with facies, Smb, Sh and Mm as subordinate elements (Table 2). It is arranged in 1 to 2 509 
m (3.3 ft to 6.6 ft) thick, coarsening- and thickening-upwards sequences (Figures 5f and 510 
6f). The lower portions of the sequences are laminated or massive, whereas the upper and 511 
coarser parts frequently exhibit tractive structures and reactivation surfaces. 512 
Occasionally, a thin channel-fill sequence with the upper surface affected by bioturbation 513 
or mud cracks is identified at the top. The sequences usually appear isolated, although 514 
they have sometimes been reported to form packages of up to 5 m thick (16.4 ft) 515 
consisting of three vertically stacked sequences. Facies association O was rare in the 516 
Mugrosa Fm. and in the lower part of the Colorado Fm. (Figure 7).  517 
In the Vcl logs, overbank deposits were identified as packages with thicknesses below 3 518 
m (10 ft) showing a serrated shape and a variable range of values. In core, this facies 519 
association was identified as an alternation of mudstone and sandstone thin beds, with 520 
sharp bases and decimetric thicknesses arranged in coarsening-upwards sequences. 521 
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Sandstones vary in grain size from very fine to very coarse and occasionally contain few 522 
conglomerates. They are moderate to well sorted, and show parallel and wavy lamination. 523 
Palaeophycus, Skolithos and Planolites trace fossils are also characteristic of these 524 
intervals. In core, facies association O is occasionally saturated with oil. This facies 525 
association represents 8.3%, 14.7%, 16.1% and 15.6% of the global proportions in the 526 
wells for the La Paz, Esmeraldas, Mugrosa and Colorado formations, respectively (Table 527 
1). 528 
Facies association O is interpreted as the progradation of crevasse splays from the fluvial 529 
channels to the floodplain (Figure 6m). The sandstone percentage varies depending on 530 
the position of the outcrop with respect to the feeding channel. In a proximal location, the 531 
sequence is more complete and sandy, similar to the sequence represented in figure 6f, 532 
whereas, in a more distal location, the sequence is limited to the muddy Ml and Mm 533 
facies. 534 
Facies association F (floodplain deposits)  535 
In outcrop, facies association F is primarily made up of lithofacies Mm, Mmd, Mmr Mmn 536 
and Ml, with facies MSl as a subordinate element (Table 2). This facies association lacks 537 
a clear sequential arrangement, and is characterized by relatively monotonous successions 538 
of fine-grained deposits with ample evidence of bioturbation and edaphic processes. In 539 
accordance with the intensity of these overprinted diagenetic or biological processes, 540 
facies association F was divided into four subtypes (Figure 6g-j) that represent the 541 
deposition in specific subenvironments. Facies association F was identified in the 542 
Esmeraldas and Colorado formations (Figure 5g), but not in the outcrops of the La Paz 543 
and Mugrosa formations (Figure 7). In the Esmeraldas Fm., it consists of intervals of 1.5 544 
to 2 m (4.9 to 6.6 ft) in thickness, and in the Colorado Fm., this facies association is up to 545 
38 m (124.7 ft) thick.  546 
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In the well logs, it was identified by Vcl values equal to or higher than 75%, forming 547 
packages of varying thickness. In core, these deposits are associated with reddish to 548 
greenish, massive mudstones, occasionally containing some fine-grained sandstones. 549 
Densely bioturbated intervals exhibit traces of Scoyenia, and to a lesser extent, of 550 
Paleophycus and Skolithos. These intervals were associated with the incipient 551 
development of paleosols. Planolites traces were also recognized. In core, this facies 552 
association is not saturated with oil. It represents 28.4%, 45.0%, 47.1% and 48.5% of the 553 
global proportions in the wells for the La Paz, Esmeraldas, Mugrosa and Colorado 554 
formations, respectively (Table 1). 555 
This facies association is interpreted as the deposition of fine-grained sediment in the 556 
floodplain by unconfined flows during channel overflow (Figures 6k, 6l and 6m). 557 
However, subaerial conditions prevailed in the floodplain between these flooding 558 
episodes.  559 
Fault activity 560 
The major faults interpreted in the seismic lines are NE – SW to N – S oriented and 561 
correspond to thrusts and faults with a reverse component in displacement. In general, it 562 
was observed that the tectonic activity ended earlier (i.e. before middle Miocene) along 563 
the western margin (Central Cordillera) than along the eastern margin of the basin 564 
(Eastern Cordillera) (Figure 8). This interpretation is consistent with the eastwards 565 
displacement of the deformation of the Andean orogen (Gómez et al., 2005b; Parra et al., 566 
2009; Horton et al., 2010; Nie et al., 2010).  567 
Along the western margin, the Cantagallo, Cantagallo Este and Llanito faults were active 568 
in the middle Eocene during the deposition of the La Paz and Esmeraldas formations. The 569 
Colorado Fm. fossilized the Cantagallo system (Figure 9a), whereas the Llanito fault 570 
activity ceased before the deposition of the Mugrosa Formation. In the north-central 571 
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sector, the activity of the Sogamoso fault was coeval with the sedimentation of the 572 
Esmeraldas and Mugrosa formations, whereas towards the north, the Llanito Reforma 573 
fault only affected the deposition of the Mugrosa Formation. In the center of the basin, 574 
the Casabe and Infantas faults were active during the deposition of the Esmeraldas, 575 
Mugrosa and Colorado formations (late Eocene to middle Miocene).  576 
In the eastern margin, the activity of the southern structures (i.e. Mugrosa and Colorado 577 
system faults) commenced in the upper Eocene and ceased during the deposition of the 578 
Colorado Formation. However, towards the north-eastern sector (i.e. the Provincia, Peña 579 
de Oro and Santa Helena structures), the tectonic activity was mainly coeval with the 580 
deposition of the Mugrosa and the Colorado formations, indicating that the deformation 581 
started in Oligocene times, after deposition of the tectonosequence 1 and continued in the 582 
Neogene. This is evidenced by the growth strata in the Provincia anticline area (Figure 583 
9b), also reported by Gómez et al. (2005b). This study also concluded that the initial 584 
deformation of the Eastern Cordillera foothills along the MMVB was older in the south 585 
than in the north. The interpretations of the deformation evolution in the eastern margin 586 
are also consistent with the latest Eocence-earliest Oligocene incipient uplift and 587 
exhumation of the Eastern Cordillera and with the ongoing exhumation of the Eastern 588 
Cordillera hinterland during the middle Miocene (Horton et al., 2015 and Reyes-Harker 589 
et al., 2015). No clear evidence indicating that La Salina, Guariquies and Arrugas faults 590 
controlled the sedimentation of the formations under study in the MMVB was found.  591 
3D exploration scale model 592 
The MMVB model reproduces the structure of the basin together with the gross 593 
distribution of the reservoir rocks (channel-fill deposits) and the seal rocks in three 594 
dimensions (Figure 10). 595 
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In the modeling area, the La Paz Fm. is interpreted to be exclusively present in the 596 
northwestern sector (Figures 10b, f and 11a). However, as reported in earlier publications 597 
(e.g. Caballero, 2010; Caballero et al., 2010; Horton et al., 2015; Reyes-Harker et al., 598 
2015) and in the present work, the sediments of the La Paz Fm. were also deposited in 599 
the Nuevo Mundo syncline sector, which falls outside the scope of our model (Figure 4). 600 
This unit attains a maximum vertical thickness of 488 m (1600 ft), between the Cantagallo 601 
and the Cantagallo Este faults. The Esmeraldas Fm. extended over the La Paz Fm. almost 602 
over all the modeling area (Figures 10c, f and 11b), which agrees with the interpretation 603 
by Gómez et al. (2005b). Maximum vertical thicknesses are mainly concentrated towards 604 
the east, attaining 1585 m (5200 ft) opposite the Provincia structure, and to the south, in 605 
the footwall of the Colorado and Infantas faults. The southwestern margin corresponds to 606 
a depositional limit (Gómez et al., 2005b), where the Esmeraldas Fm. onlaps the U0 basal 607 
unconformity. The largest vertical thicknesses of the Mugrosa and Colorado Fms. are 608 
distributed along the eastern basin margin, where maximum values of 1645 m (5400 ft) 609 
and  1830 m (6000 ft), respectively, are observed (Figures 10d to f, and 11c and d). Their 610 
thicknesses decrease gradually towards the west and the southwest, where the units also 611 
onlap the U0 unconformity. A thinning associated with the La Cira-Infantas paleohigh 612 
located in the northwestern part of the Infantas fault is observed in both units. 613 
The facies proportion maps obtained from the upscaled well logs show that that zones 614 
with the highest proportions of channel-fill reservoir facies do not correlate consistently 615 
with sectors of maximum vertical thicknesses of the stratigraphic units (Figure 12). 616 
However, these zones are often aligned with the structures that were active during the 617 
sedimentation. The map of the La Paz Fm. shows that the channel-fill facies association 618 
dominates the central zone of the area where the unit was interpreted (Figure 12a). The 619 
highest channel-fill proportions for the Esmeraldas Fm. are mainly found in the 620 
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northwestern sector and along the eastern margin in the northern half of the basin (Figure 621 
12b). In the maps of the Mugrosa and Colorado formations, the highest proportions are 622 
mainly located in the central, northeastern and southeastern sectors (Figures 12c and d). 623 
The MMVB facies models shows that the channel-fill facies association form large 624 
geological bodies that can extend laterally several tens of km and that have variable 625 
thicknesses, from some meters to tens of meters (Figure 10g and 13). These geological 626 
bodies interfinger with floodplain and overbank deposits and with the alluvial fans in the 627 
basin margins (Figures 12g and 13). The channel-fill reservoir facies association in the 628 
model accounts for 55.5%, 37.4%, 35.1% and 34.8% of the volume of the La Paz, 629 
Esmeraldas, Mugrosa and Colorado formations.  630 
The 3D channel-fill facies probability parameter shows maximum (100%) or minimum 631 
(0%) probabilities in the well positions, i.e. channel-fill facies is either present or absent 632 
in the wells (Figure 13). This is because the upscaled well logs are hard data honored by 633 
all realizations, i.e. they do not change from one realization to another. In the remaining 634 
cells, high probability sectors that contrast with low probability zones were also 635 
identified. These sectors could constitute zones of interest for investigating potential new 636 
plays. 637 
DISCUSSION 638 
This section includes a discussion of the evolution of the depositional systems in the 639 
MMVB and of the 3D exploration scale facies model. First, depositional models that are 640 
representative of each stratigraphic unit and that document the vertical evolution of the 641 
fluvial style in the basin are presented. Then, paleogeographic reconstructions enable us 642 
to address the areal distribution of the depositional systems with respect to the tectonic 643 
evolution of the basin. Finally, the accuracy and consistency of 3D exploration scale 644 
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facies model are evaluated and some examples of new plays detected in the model are 645 
presented. 646 
Evolution of the depositional systems in the MMVB 647 
Depositional models 648 
The base of the La Paz Fm. comprises a thin, discontinuous conglomeratic interval 649 
leveling the topographic lows of the paleorelief related to the basal unconformity U0. In 650 
the outcropping intervals, the unit is mainly constituted by sequences of channel infill in 651 
its lower and upper parts, whereas its middle portion is dominated by overbank deposits 652 
with subordinate channel sequences (Figure 7). Paleocurrents measured in the outcrops 653 
show two trends: the large-scale structures are arranged in an approximate north-south 654 
direction, and the small-scale structures, despite a wide dispersion, show a predominant 655 
east to northeast direction of transport (Figure 7). The dominant facies assemblage of the 656 
whole unit in the subsurface corresponds to the channel-fill deposits (Table 1), whose 657 
mean proportion does not record a recognizable vertical increasing or decreasing pattern. 658 
The lower and upper parts of the La Paz Formation are interpreted as having been 659 
deposited in a braided fluvial system, where large-scale bedforms transporting coarse 660 
detrital sediment were dominant (Figure 6l). The presence of overbank deposits 661 
interstratified within channel-fill sequences in the middle part is interpreted as an increase 662 
in the avulsion processes, suggesting a higher sinuosity of the fluvial style (figure 6m). 663 
Alluvial fan deposits were identified throughout the logs of the La Paz Fm. (Figure 6k), 664 
except for the upper part.  665 
In the eastern flank of the Nuevo Mundo syncline (outcrop 4; Figures 4 and 7), the 666 
Esmeraldas Fm. is mainly made up of channel-fill sequences with lateral accretion 667 
surfaces (Figure 5c) although the recorded outcropping percentages of overbank and 668 
floodplain deposits are low. Paleocurrent measurements for this unit show a wide 669 
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dispersion (Figure 7). Like the La Paz Fm., the Esmeraldas Fm. displays two trends of 670 
paleocurrents with large-scale structures aligned in a north-south direction and small-671 
scale structures that show a wide dispersion but with a predominant north-northeast 672 
direction of transport (Figure 7). This suggests that the Esmeraldas Fm. is the result of 673 
detrital deposition in a fluvial system with channels that display some sinuosity, and 674 
where avulsion of fluvial streams and episodic flooding occur (Figure 6m). Well data 675 
reveal that the floodplain deposits (F) are dominant in the subsurface, whereas channel-676 
fill and overbank deposits are represented by a mean percentage of 38.5% and 14.7 %, 677 
respectively (Table 1). Since alluvial fan facies were also recognized in the cores from 678 
the northwest, the sedimentary model in figure 6k is also representative of this formation 679 
in this sector.  680 
In outcrops 5 and 6 (Figure 4), the Mugrosa Fm. is dominated by middle to distal alluvial 681 
fan sequences (Figure 7). However, this facies association is absent in the uppermost 682 
portion of the unit in outcrop 7, which represents the transition with the Colorado 683 
Formation (Figure 7). Channel-fill deposits are present in outcrops 5, 6 and 7 and 684 
overbank deposits were only identified in outcrop 6, in a very low proportion. The 685 
Mugrosa Fm. in the studied outcrops is interpreted as a detrital deposition from 686 
unconfined mud-rich flows in the middle to distal parts of an alluvial fan system, where 687 
locally small-scale distributary channels developed (figure 6k). Nevertheless, only 688 
channel-fill, overbank and floodplain deposits were recognized in the interpreted facies 689 
association well log. They represent mean percentages of 36.8%, 16.1% and 47.1%, 690 
respectively (Table 1), suggesting that in the subsurface, the Mugrosa fluvial system is 691 
constituted by fluvial streams with some sinuosity (Figure 6m).  692 
In outcrop 8 (Figure 4), the Colorado Fm. is mainly composed of floodplain deposits and 693 
channel-fill sequences, with a moderate contribution of overbank deposits (Figure 7). 694 
29 
 
Channel-fill sequences display lateral accretion surfaces. In its basal part in outcrop 7, the 695 
formation consists exclusively of floodplain deposits. Alluvial fan deposits were not 696 
recognized for the Colorado Formation. Subsurface data record percentages of 35.9%, 697 
15.6% and 48.5% for channel-fill, overbank and floodplain deposits, respectively, and a 698 
slight decreasing upwards trend for the proportions of the channel-fill facies. Outcrop-699 
measured paleocurrent data in the Colorado Fm. mainly consist of scour axes in outcrop 700 
8 that are scarce and show a predominant west-northwest – east-southeast direction. The 701 
few small-scale sedimentary structures measured indicate a sediment transport towards 702 
the west-northwest (Figure 7). The Colorado Fm. is interpreted to have been deposited by 703 
a highly sinuous fluvial system (Figure 7m). 704 
Paleogeographic evolution 705 
The paleogeographic reconstructions integrate the facies proportion maps (Figure 12), 706 
fault activity (Figure 8), sedimentological analysis, paleocurrent data from outcrops and 707 
earlier subsurface studies (Aguiar and Reyes, 1982; Gómez et al., 2005a; Caballero et al., 708 
2010, 2013) (Figure 7), and vertical thickness maps (Figure 11). The reconstructions 709 
(Figure 14) show a simplified paleogeographical distribution of the dominant facies belts 710 
(i.e. alluvial deposits, fluvial channel belts and floodplain) throughout the modeling area 711 
of the MMVB from the La Paz to Colorado formations. 712 
The paleogeographic reconstructions proposed for the La Paz Fm. (middle Eocene) and 713 
the Esmeraldas Fm. (late Eocene) show channel-fill facies belts representing low 714 
sinuosity and high sinuosity fluvial stream deposits, respectively (Figure 14a and b). They 715 
were coeval with the alluvial fans adjacent to the northwestern margin that developed in 716 
association with the activity of the Cantagallo and Cantagallo Este faults, as described by 717 
Suárez (1996). They represent alluvial depositional systems with a main source area 718 
located in the western margin (Nie et al., 2010; Sánchez et al., 2012; Horton et al., 2015). 719 
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This interpretation is consistent with the transverse-dominated deposystems with a 720 
provenance area in the Central Cordillera interpreted by Horton et al. (2015), and is also 721 
in line with the uplift and exhumation of the Central Cordillera proposed for the latest 722 
Cretaceous-Paleocene (Gómez et al., 2003; Nie et al., 2010; Villagómez and Spikings, 723 
2013; Reyes-Harker et al., 2015). Reyes-Harker et al. (2015) interpreted the middle 724 
Eocene of the MMVB as a period of tectonic quiescence or potential slower shortening 725 
rates in the basin. At that time, the northern connection of the MMVB with the Caribbean 726 
Sea was opened (Gómez et al., 2005b; Horton et al., 2015; Reyes-Harker et al., 2015), 727 
which is consistent with the flow of the fluvial deposystems towards the north-northeast 728 
represented in the paleogeographic reconstruction for the La Paz Fm. (Figure 14a).  729 
The late Eocene time marks the onset of the earliest Eastern Cordillera uplift (Nie et al., 730 
2010; Horton et al., 2015; Reyes-Harker et al., 2015; results of this work; Figure 8), which 731 
has also been interpreted as a period of a northern closure of the basin (Horton et al., 732 
2015; Reyes-Harker et al., 2015). Accordingly, the paleogeographic reconstruction for 733 
the Esmeraldas Fm. shows potential connections of the fluvial channel belts towards the 734 
eastern and northeastern regions (i.e. the Eastern Cordillera). In this unit, floodplain 735 
deposits were dominant in the southwestern depositional limit of the unit and in elevated 736 
areas, e.g. in the La Cira-Infantas paleohigh and in the north-central zone corresponding 737 
to the northern termination of the Sogamoso and Casabe faults.  738 
Fluvial channel belts representing high-sinuosity meandering rivers were interpreted for 739 
the Mugrosa and Colorado formations (Figures 14c and d). They are locally connected 740 
with the western margin, which would be in agreement with a transverse configuration of 741 
the depositional systems proposed by Horton et al. (2015). However, the tectonic 742 
structures in the eastern margin were already active in the Oligocene (Nie et al., 2010; 743 
Saylor et al., 2011; Sánchez et al., 2012; Reyes-Harker et al., 2015; and the results in the 744 
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present work) (Figure 8). Moreover, the source area at this time was principally located 745 
in the Eastern Cordillera (Nie et al., 2010; Sánchez et al., 2012; Caballero et al., 2013; 746 
Horton et al., 2015) corresponding to the Cretaceous section (Horton et at., 2010). 747 
Furthermore, paleocurrents in the Nuevo Mundo syncline reported paleoflow with a 748 
persistent westwards component for the Mugrosa and Colorado formations (Caballero et 749 
al., 2013; and data in Figure 7). Therefore, a dominant longitudinal component of the 750 
fluvial systems reflecting paleoflow deflection of sediments from the adjacent Cordilleras 751 
is interpreted for Oligocene–middle Miocene times. With regard to the Mugrosa Fm., the 752 
incursion of alluvial fans from the central-eastern margin of the basin represents the distal 753 
alluvial fan deposits identified in the outcrops with a source area located in the Eastern 754 
Cordillera (Figures 5a and 7). Floodplain deposits dominate the northwestern and 755 
southwestern sectors, and the zone of the La Cira-Infantas paleohigh.  756 
Evaluation and applicability of the 3D exploration scale facies model 757 
The large geological bodies captured in the 3D exploration scale facies model reproduce 758 
the heterogeneity represented in the paleogeographic reconstructions and in the wells. 759 
The search for depositional traps associated with facies changes or depositional pinchouts 760 
of channel-fill deposits can be addressed by a visual inspection of the 3D facies model 761 
and, more effectively, of the 3D channel-fill probability parameter that averaged the 20 762 
realizations of the facies model (Figures 10h and 13). The areas of potential interest must 763 
contain zones of high probability of channel-fill facies that form bodies that must be 764 
isolated or terminate upwards in pinch-outs or truncations with faults. Some examples of 765 
these zones are given below.  766 
Figure 15a shows a portion of the 3D model in which some pinch-outs are detected. 767 
Channel-fill deposits are predominant in Well A, whereas they are almost absent in Well 768 
B. The pinch-outs are updip, terminating between the two wells. This could constitute a 769 
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potential trap. Figure 15b also shows an updip termination of channel-fill deposits of the 770 
La Paz Formation. The 3D probability parameter reveals that this termination is 771 
potentially sealed by fine-grained facies of the overlying Esmeraldas Formation. The 772 
example in Figure 15c shows that the potential reservoir would be located in the Colorado 773 
Formation. The seal rock would be fine-grained facies of the Mugrosa Formation in the 774 
hanging wall of the fault located towards the WNW. In this case, the trap is both structural 775 
and stratigraphic. Other examples of this type of combined traps were identified in the 776 
model and should be taken into consideration.  777 
New studies and exploratory efforts (e.g. the acquisition of new seismic survey, drilling 778 
new wells) may be subsequently developed in these or in other areas with potential 779 
interest identified in the 3D geological model of the MMVB. Furthermore, a refinement 780 
of the 3D geostatistical facies model (e.g. rebuilding of the 3D grid), and the construction 781 
of subsequent petrophysical modeling in these zones are also recommended. This would 782 
contribute more detail to the models and the predictions derived. It would also prove 783 
helpful in capturing onlap terminations or truncations that would act as potential 784 
stratigraphic traps and that could not be modeled at exploration scale.  785 
The method applied for the construction of the geostatistical facies model in the MMVB 786 
is not a new technique in the sense that it follows the reservoir modeling workflow 787 
normally applied in the oil industry. In fact, earlier studies in the area have already dealt 788 
with geostatistical facies models. In this type of study, the modeling area corresponds to 789 
that of the production fields. The models are focused on capturing the geological 790 
heterogeneity associated with sedimentary bodies at meter scale (i.e. macroscopic scale 791 
according to Tyler and Findley, 1991), and usually make use of dense well datasets. These 792 
models are employed to predict reservoir connectivity, estimate reserves, and design and 793 
optimize production strategies. For example, the work by Gómez and Morales (2008) 794 
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presents a geostatistical object-based facies model for the Oligocene – Miocene fluvial 795 
deposits for a field in the eastern margin of the basin. By contrast, our model was 796 
constructed at exploration scale and extends approximately 10,000 km2 (3861 mi2). It 797 
captures the large-scale sedimentary heterogeneities associated with the main facies belts 798 
represented in the paleogeographic reconstructions. In a recent article by Seyfang et al. 799 
(2017), the authors implemented a 3D geostatistical facies modeling approach to optimize 800 
the search for hydrocarbon reserves during the exploration phase. Apart from the 801 
detection of potential new plays, 3D exploration scale geostatistical facies models, such 802 
as the one in the present article, could also be used in the basin-scale petroleum systems 803 
modeling workflow to introduce a refinement in the 3D rock property distribution, which 804 
may affect hydrocarbon migration and entrapment. This workflow has been recently 805 
implemented by using process-based models in place of geostatistical facies models (Liu 806 
et al., 2016).  807 
The success of the MMVB exploration facies model as a predictive tool (and hence, the 808 
reliability of the zones of potential interest detected) was evaluated by the well-calibration 809 
process (Figure 16). The results showed a mean positive correlation between the model 810 
and the calibration wells of 62.2%. The maximum correlation value obtained was greater 811 
than 80%, and the minimum was 49.2%, which was the only case in which the correlation 812 
was below 50%. These results validate the capacity of the model to satisfactorily predict 813 
the reservoir facies distribution in the MMVB.   814 
In terms of facies proportions, the model slightly underestimates the channel-fill 815 
proportions recorded in the wells by less than 4% for the Esmeraldas, Mugrosa and 816 
Colorado formations. For the La Paz Fm., it overestimates the channel-fill proportions by 817 
7%. These small discrepancies would indicate that the modeling data used are capable of 818 
honoring the original statistics. The slightly larger difference in the La Paz Formation 819 
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may be attributed to the uncertainty in the estimation of the horizontal variograms. In this 820 
case, the variograms were extracted from the facies proportion maps unlike the 821 
variograms used for the Esmeraldas, Mugrosa and Colorado formations that were derived 822 
from the paleogeographic maps. The paleogeographic reconstructions, therefore, prove 823 
to be suitable for obtaining statistical parameters that describe the lateral continuity of 824 
facies distribution. This is advantageous in cases where the well data are not sufficiently 825 
dense, which occurs in the subsurface at exploration scale.  826 
CONCLUDING REMARKS 827 
1. An integrated approach to detect new areas of potential interest associated with 828 
stratigraphic or combined stratigraphic-structural traps in mature basins was developed. 829 
It is a comprehensive workflow that integrates outcrop and subsurface interpretations of 830 
tectonic structures and depositional environments. This workflow makes use of these 831 
interpretations to construct a 3D exploration scale facies model of the mature basin that 832 
can be analyzed and investigated. 833 
2. The workflow was successfully tested in the prolific Colombian hydrocarbon province 834 
of the Middle Magdalena Valley basin, and a 3D exploration scale facies model was 835 
constructed for the first time. The 3D model reproduces the structure of the basin (the 836 
major faults and the horizons bounding the oil producing Cenozoic fluvial formations of 837 
the La Paz, Esmeraldas, Mugrosa and Colorado) and the gross distribution of the reservoir 838 
and seal rocks. 839 
3. The sedimentological analysis of the Middle Magdalena Valley basin distinguishes 840 
four facies associations: alluvial fan, overbank, floodplain and channel-fill deposits. The 841 
last one is the main reservoir rock and is composed of clean nonbioturbated very coarse 842 
to very fine-grained sandstones with subordinate conglomerates. In the well logs, this 843 
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facies exhibits a blocky-like expression with Vcl values equal to or below 40%, showing 844 
an upwards increasing trend and forming vertical sequences of more than 3 m (10 ft).  845 
4. The seismic analysis shows that the major faults in the basin are NE – SW to N – S 846 
oriented and correspond to thrusts and faults with a reverse component in displacement. 847 
The tectonic activity ended earlier in the western margin of the basin, without affecting 848 
the deposition of the Colorado Fm. (i.e. before middle Miocene). In the eastern margin, 849 
the deformation was coeval with the sedimentation of this unit and with that of the 850 
Mugrosa Fm. (Oligocene–lower Miocene). 851 
5. Within the modeling area, the La Paz Fm. is interpreted to exist in the northwestern 852 
margin. In general, the largest thicknesses of the Esmeraldas, Mugrosa and Colorado 853 
formations are distributed along the eastern margin and decrease towards the west. The 854 
southwest region corresponds to the depositional limit of the three units, where their 855 
bounding horizons onlap the U0 regional unconformity.  856 
6. The fluvial style of the La Paz Formation in the subsurface of the MMVB is interpreted 857 
as mainly corresponding to a braided fluvial system, whereas meandering fluvial streams 858 
predominate in the Esmeraldas, Mugrosa and Colorado formations.  859 
7. Paleogeographic reconstructions depict fluvial channel belts that describe combined 860 
transverse and longitudinal fluvial depositional systems, alluvial fans adjacent to the 861 
active basin margins and floodplain facies dominating the structural highs and the 862 
southwest depositional limit. The facies belt distribution is controlled by the structural 863 
evolution of the basin. The paleogeographic reconstructions were used to derive the 864 
lateral variograms used in the stochastic modeling. 865 
8. The channel-fill facies association is shown in the 3D model as large geological bodies 866 
that interfinger with floodplain, overbank and alluvial fan deposits. The new areas of 867 
potential interest detected in the model are zones of high channel-fill facies probability 868 
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that form bodies that are isolated or terminate upwards in pinch-outs or truncations with 869 
faults. The 3D model of the MMVB may be regarded as a starting point for undertaking 870 
new studies and explorations in potentially interesting areas. Moreover, it could be used 871 
for developing subsequent models of petroleum systems. 872 
9. The workflow developed and presented here can play a role in improving general 873 
exploration workflows in similar contexts. 874 
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FIGURE CAPTIONS 1253 
Figure 1. Geological map showing the main sedimentary basins and ranges in the 1254 
northern Andean Range in Colombia. The red inbox indicates the study area in the Middle 1255 
Magdalena Valley basin. Modified from Gómez et al. (2007). See the geological sketch 1256 
in the lower right inset, in which the area of the geological map is indicated. MVB refers 1257 
to the Magdalena Valley Basin.  1258 
Figure 2. Tectono-stratigraphic (a) and chrono-stratigraphic (b) subdivision of the 1259 
Middle Magdalena Valley basin sedimentary infill. MMVU stands for Middle Magdalena 1260 
Valley Unconformity. Modified from Suárez (1996) and Gómez et al. (2005b). 1261 
Figure 3. Workflow used in this study for defining new areas of potential interest in the 1262 
Middle Magdalena Valley basin. TTG stands for the algorithm based on the truncation of 1263 
the sum of a deterministic linear expectation trend and a Gaussian random field, which 1264 
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was used to model the transition from alluvial fan to fluvial deposits. SIS stands for 1265 
Sequential Indicator Simulation, used to model the fluvial facies associations.  1266 
Figure 4. Location of the wells and seismic lines used in this study. A geological sketch 1267 
of the location of the outcrops under study is shown in the eastern half of the area. The 1268 
position of the seismic profiles in Figure 9, the cross-sections in Figure 14 and the 1269 
diagram in Figure 15 are indicated. Coordinates are shown in both the Geographic 1270 
coordinate system and the Universal Transverse Mercator (UTM) (Colombia Bogota 1271 
Zone). 1272 
Figure 5. Field views (a, c, f and g) and images from cores (b, d and e) showing some 1273 
examples of the facies associations distinguished in the outcrops and in the subsurface. 1274 
Alluvial fan deposits (facies association A): a) Close-up of massive, poorly-sorted silty 1275 
sandstone (lithofacies SMm; see Table 2 and Figure 6a) with floating clasts (red arrows) 1276 
resulting from the deposition of unconfined mudflows in the middle part of an alluvial 1277 
fan. Mugrosa Fm. in outcrop 5. b) Poorly-sorted, matrix-supported breccia interpreted as 1278 
proximal alluvial fan deposits. Channel-fill deposits (facies association C): c) General 1279 
view of the stacking of the fluvial channel-fill sequences displaying lateral accretion 1280 
surfaces (red arrows). Esmeraldas Fm. in outcrop 4. d) Rounded to well rounded, clast-1281 
supported conglomerates with erosional bottom surface (white dashed line). e) Large-1282 
scale cross-laminated sandstone. Overbank deposits (facies association O): f) 1 – 2 m (3.3 1283 
– 6.6 ft) thick, overbank sequences in the middle part of the La Paz Fm. in outcrop 2. The 1284 
lower sequence is capped by a distributary overflow channel with an erosive basal surface 1285 
(red arrow). See also Figure 6f. Floodplain deposits (facies association F): g) Thick 1286 
interval of floodplain deposits in the lower part of the Colorado Fm. in outcrop 7. The 1287 
massive red mudstones contain scattered carbonate nodules (lithofacies Mmn; Table 2 1288 
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and Figure 6i), which locally form discontinuous horizons (red arrows). See outcrop 1289 
locations in Figure 4. 1290 
Figure 6. Facies associations and sequences: a-c) Distal to middle alluvial fan (A) facies 1291 
association. d-e) Channel-fill (C) sequences; f) Overflow (O) sequence; g-j) Floodplain 1292 
(F) facies association. See text and Table 2 for more details. Proposed facies models: (k) 1293 
fluvial-alluvial fan system; (l) straight braided channel; and (m) high sinuosity 1294 
meandering channel.  1295 
Figure 7. Schematic logs of the outcrops showing the facies associations, paleocurrent 1296 
trends and facies association proportions. Vertical separation between logs is not to scale. 1297 
Paleocurrent data include our own measures, and data from Aguiar and Reyes (1982), 1298 
Gómez et al. (2005a) and Caballero et al. (2009). Facies association percentages for 1299 
outcrop 1 refer only to the La Paz Formation.  1300 
Figure 8. a) Map of the study area showing the major faults in the Middle Magdalena 1301 
Valley basin, which were included in the 3D geological model. The traces correspond to 1302 
the intersection between the unconformity U0 and the fault surfaces. Names correspond 1303 
to widespread fault names used in the area. Coordinates are indicated in both the 1304 
Geographic coordinate system and the Universal Transverse Mercator (UTM) (Colombia 1305 
Bogota Zone). b) Chronology of the fault activity during the deposition of the 1306 
stratigraphic units inferred from the seismic interpretation. See two seismic profiles and 1307 
the corresponding interpretation in Figure 9. 1308 
Figure 9. a) Seismic profile and corresponding interpretation showing the relationship 1309 
between Cantagallo and Cantagallo Este faults and the stratigraphic units in the Middle 1310 
Magdalena Valley basin. b) Seismic profile and corresponding interpretation showing the 1311 
relationship between the Provincia fault and its back thrust and the stratigraphic units in 1312 
the Middle Magdalena Valley basin. See location of both profiles in Figure 4.  1313 
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Figure 10. Three-dimensional model of the Middle Magdalena Valley basin showing the 1314 
stratigraphic and structural framework (a to f) and the geostatistical facies distribution (g 1315 
and h). a) Tertiary basal unconformity (U0) and major faults. See the trace of the 1316 
intersection between the faults and U0, and the names of the faults in figure 8. b) U0 and 1317 
top of the La Paz Formation. c) Top of the Esmeraldas Formation (U1) onlapping the 1318 
basal unconformity U0 in the SW corner of the study area. d) Top of the Mugrosa 1319 
Formation (U2) onlapping the U0 also in the SW. e) Top of the Colorado Formation (U3), 1320 
also onlapping pre-existing surfaces to the SW. f) Modeling zones corresponding to each 1321 
stratigraphic unit.  g) One realization of the 3D geocellular facies model reproducing the 1322 
distribution of the facies associations. b) 3D parameter showing the probability of 1323 
occurrence of channel-fill sandstone bodies resulting from averaging the twenty 1324 
realizations of the 3D facies model. Coordinates are in the Universal Transverse Mercator 1325 
(UTM) system, Colombia Bogota Zone. Vertical scale is indicated in feet and 1326 
exaggeration is 4x. 1327 
Figure 11. True vertical thickness maps of the four stratigraphic units extracted from the 1328 
3D model. a) La Paz Fm. (Lower tectonosequence 1, TS1) b) Esmeraldas Fm. (Upper 1329 
TS1). c) Mugrosa Fm. (tectonosequence 2, TS2). d) Colorado Fm. (tectonosequence 3, 1330 
TS3). Coordinates are indicated in both the Geographic coordinate system and the 1331 
Universal Transverse Mercator (UTM) (Colombia Bogota Zone). 1332 
Figure 12. Proportion maps of the channel-fill facies associations for the four 1333 
stratigraphic units studied. a) La Paz Fm. (Lower tectonosequence 1, TS1) b) Esmeraldas 1334 
Fm. (Upper TS1). c) Mugrosa Fm. (tectonosequence 2, TS2). d) Colorado Fm. 1335 
(tectonosequence 3, TS3). Coordinates are shown in both the Geographic coordinate 1336 
system and the Universal Transverse Mercator (UTM) (Colombia Bogota Zone). 1337 
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Figure 13. Cross-sections of the 3D facies model of the Middle Magdalena Valley basin 1338 
and the 3D channel-fill sandstone probability parameter derived from the 3D facies model 1339 
in longitudinal (a) and transversal (b) directions. See the position of the cross-sections in 1340 
Figure 4.  1341 
Figure 14. Paleogeographic reconstruction of the four stratigraphic units. a) La Paz 1342 
Formation (lower tectonosequence 1, TS1); b) Esmeraldas Formation (Upper TS1); c) 1343 
Mugrosa Fm. (tectonosequence 2, TS2); d) Colorado Fm. (tectonosequence 3, TS3). 1344 
Coordinates are indicated in both the Geographic coordinate system and the Universal 1345 
Transverse Mercator (UTM) (Colombia Bogota Zone). 1346 
Figure 15. Portions of the 3D parameter representing the probability of channel-fill 1347 
sandstone facies in the 3D facies model and corresponding cross-sections, showing areas 1348 
of interest associated with potential hydrocarbon traps. Vertical exaggeration of the 3D 1349 
parameters is 4x.  1350 
Figure 16. Diagram of the 3D parameter representing the channel-fill probability in the 1351 
3D facies model of the Middle Magdalena Valley basin and the facies association well 1352 
log for the wells used to calibrate the model. The percentages represent the degree of 1353 
agreement between the corresponding well and the 3D probability parameter. See the 1354 
location of the calibration wells and the diagram in Figure 4.  1355 
Table 1. Variogram data and global facies proportions used in the 3D facies modeling of 1356 
the Middle Magdalena Valley basin. Rhmax indicates the variogram range in the direction 1357 
of maximum correlation in a horizontal plane, which corresponds to the azimuth 1358 
direction. Rhmin refers to the variogram range in the direction of minimum correlation in 1359 
a horizontal plane. Rv indicates the variogram range in the vertical direction. The facies 1360 
proportions represent the average values from the upscaled facies association well logs.  1361 
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Table 2. Summarized description and interpretation of the eighteen lithofacies from the 1362 
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Diagram in figure 16 
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Active fault La Cira-Infantas paleohighLC-I
Supposed fault
Subsiding depocenter






































































































Esmeraldas Fm. (Upper TS1)
Mugrosa Fm. (TS2)


































































































































Overbank (O) and 
floodplain (F) deposits
Facies associations in wells
55.2%
60.1% 81.2% 69.0%
49.2%
69.4% 72.6% 52.2%
